Type 2 diabetes is characterized by both insulin resistance and progressive deterioration of b-cell function. The forkhead transcription factor FoxO1 is a prominent mediator of insulin signaling in b-cells. We reasoned that identification of FoxO1 target genes in b-cells could reveal mechanisms linking b-cell dysfunction to insulin resistance. In this study, we report the characterization of Nov/Ccn3 as a novel transcriptional target of FoxO1 in pancreatic b-cells. FoxO1 binds to an evolutionarily conserved response element in the Ccn3 promoter to regulate its expression. Accordingly, CCN3 levels are elevated in pancreatic islets of mice with overexpression of a constitutively active form of FoxO1 or insulin resistance. Our functional studies reveal that CCN3 impairs b-cell proliferation concomitantly with a reduction in cAMP levels. Moreover, CCN3 decreases glucose oxidation, which translates into inhibition of glucose-stimulated Ca 2+ entry and insulin secretion. Our results identify CCN3, a novel transcriptional target of FoxO1 in pancreatic b-cells, as a potential target for therapeutic intervention in the treatment of diabetes.
Introduction
The increasing prevalence of type 2 diabetes is cause for concern, and has spurred efforts to identify novel peptides with valuable properties for diabetes treatment [1] . Type 2 diabetes is characterized by both resistance of target tissues to the actions of insulin and impaired b-cell function [2, 3] . Studies in genetically modified mice have suggested that defects in insulin/IGF signaling in the b-cell contribute to b-cell failure [4] , thereby establishing a causal link between insulin resistance and impaired b-cell function. One attractive scenario is that insulin and IGFs exert their effects through a common effector, acting on DNA transcription in bcells [5] .
Forkhead box (Fox)-containing transcription factors of the O sub-class (FoxO) are prominent transcriptional effectors of insulin and IGF signaling in b-cells [6] . FoxO1 inhibits b-cell proliferation in insulin-resistant states [7] as well as in response to growth factors [8] , protects b-cells against hyperglycemia-induced oxidative stress [9] , and controls energy metabolism in b-cells [10] . In view of the role of FoxO1 in b-cell compensation to insulin resistance [11] , we reasoned that investigation of FoxO1 target genes could reveal mechanisms underlying b-cell failure in the context of insulin resistance. To this end, we carried out gene profiling analyses in INS832/13 cells [10] . Our genomic analysis led to the identification of nephroblastoma overexpressed gene (Nov, also known as Ccn3) as a novel FoxO1 target. The role of Ccn3 in b-cells has never been explored.
The Ccn3 gene was first identified in avian nephroblastomas as an integration site of the avian myeloblastosis-associated virus 1-N [12] . It encodes a peptide hormone that belongs to the CCN (Cyr61, CTGF, Nov) family [13, 14] . These hormones share a common structural homology [12] . As other members of the CCN family, CCN3 plays a role in various cellular processes including proliferation, adhesion, and differentiation [15] . The fact that the Ccn3 gene is strongly up-regulated in response to FoxO1 activation and that it maps to a susceptibility locus controlling b-cell function in linkage studies of diabetic patients [16] [17] [18] [19] [20] prompted us to examine its role in the b-cell. Indeed, the biological role of CCN3 proteins in b-cells has never been explored. In the present study, we conducted a comprehensive biochemical analysis of Ccn3 expression and action. Our results indicate that Ccn3 is a transcriptional target of FoxO1. Its expression is increased in mice with FoxO1 gain-of-function as well as in insulin resistant mice. We also show that Ccn3 expression in the pancreas is restricted to ducts and islet cells. Finally, CCN3 decreases both bcell replication and insulin secretion.
Materials and Methods

Ethics statement
Animal work: This study was carried out in strict accordance with the recommendations of the Canadian Council on Animal Care. The protocol was approved by the Ethics Committee of Laval University.
Reagents RPMI 1640 and cell culture supplements, including fetal calf serum (FCS), were purchased from Life Technologies (Burlington, ON). Anti-CCN3 antibodies targeting the C-terminal region of the protein (K19M) were described previously [21] . Full-length human CCN3 protein were purchased from R&D systems (Minneapolis, MN).
Cell Culture
INS832/13 cells [22] (passages 46-70) were grown in monolayer cultures in regular RPMI 1640 medium supplemented with 10 mmol/l HEPES, 10% FCS, 2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate, 50 mmol/l b-mercaptoethanol at 37uC in a humidified (5% CO 2 , 95% air) atmosphere.
Recombinant adenovirus infection
The constitutively active (CA) FoxO1 mutant carries single amino acid substitutions replacing the three main phosphorylation sites, Thr 24 -Ala, Ser 253 -Asp and Ser 316 -Ala and has been described previously [6] . Cells were seeded 2 days before use in 100 mm Petri dishes and cultured as described above. Cells were then infected with Ad-CAFoxO1 or Ad-b-galactosidase (Ad-bGal) at a MOI of 50 pfu/cell for 1 hr in 1 ml of complete medium. The viral solution was then replaced with complete medium and cells were allowed to recover for 24 hr before the experiment.
Gene expression
RNA was isolated using the RNeasy mRNA kit (Qiagen, Mississauga, ON) and cDNA were synthesized using a reverse transcription kit from Life Technologies (Burlington, ON) following manufacturer's instructions. mRNA transcript levels were measured using a Rotor Gene 3000 system (Montreal Biotech, Montreal, QC, Canada). Chemical detection of the PCR products was achieved with SYBR Green I (Life Technologies, Burlington, ON). At the end of each run, melt curve analyses were performed, and a few samples representative of each experimental group were run on agarose gel to ensure the specificity of the amplification. Results are expressed as the ratio between the expression of the target gene and actin. In addition, we have used a RT2 profiler PCR array (Qiagen, Mississauga, ON) to analyze expression of a focused panel of genes controlling cell cycle progression, following the manufacturer's protocol.
Promoter assay
To investigate the effect of FoxO1 on Ccn3 promoter activity, cells were co-transfected with a plasmid encoding either CAFoxO1 or control bGal, concomitantly with a Chloramphenicol acetyltransferase (CAT) reporter construct driven by the human Ccn3 promoter (,900 bp upstream of the TSS, described in [23] ). Lipofectamine 2000 (Life Technologies, Burlington, ON) was used as the transfection reagent and the plasmids were premixed in a 1:3 ratio (CAT:CAFoxO1 or bGal) to ensure that all CATtransfected cells would also express CAFoxO1 or bGal. The next day, cell lysates were prepared for CAT assays using a commercial ELISA kit (Roche, Laval, QC).
Chromatin immunoprecipitation
Chromatin immunoprecipitation assay was performed with a commercially available kit from Millipore (Billerica, MA) according to manufacturer's protocol. In brief, 1610 6 INS823/13 cells were either transduced with Ad-bGal or Ad-CAFoxO1 in complete RPMI medium, fixed in 1% formaldehyde, washed and resuspended in lysis buffer. Alternatively, FoxO1 was activated via serum deprivation overnight. Samples were sonicated to shear DNA to lengths between 200 and 500 bp. FoxO1/DNA complexes were immunoprecipitated with an anti-FoxO1 antibody (Santa Cruz, Santa Cruz, CA) and washed. DNA was recovered and amplified by PCR using oligonucleotides flanking the indicated promoter regions.
Western blot
Cells were grown and incubated as described above, washed twice with PBS and lysed in 1 ml of ice-cold lysis buffer (50 mM Tris-HCl (pH 8.0), 1% Triton X-100, 150 mM NaCl, 1 mM PMSF, 1 mg/ml aprotinin, 5 mM sodium pyrophosphate, and 1 mM orthovanadate) for 30 min at 4uC. Conditioned media were collected following culturing INS832-13 cells in serum-free media for 24h. Precipitation of protein from conditioned culture medium was performed by methanol precipitation. Protein concentrations were determined using the Pierce BCA protein assay (Rockford, IL) and samples were resolved on 8% or 10% polyacrylamide gels.
Immunohistochemistry
Cells were seeded in 6-well plates at 80% confluency, attached onto polyornithine-coated coverslips, and cultured as described above. Cells were then washed, fixed in paraformaldehyde and incubated with a cocktail of primary antibodies comprising rabbit anti-CCN3, mouse anti-Synaptobrevin (Princeton, NJ) and guinea-pig anti-insulin antibodies (Dako, Carpinteria, CA) working solution. Pancreas samples were fixed in paraformaldehyde and embedded in paraffin. We mounted 10 mm sections on slides and performed immunohistochemistry with anti-CCN3 antibodies.
siRNA-mediated knockdown of Ccn3
Pre-validated Ccn3 siRNAs and control (scrambled) siRNAs were purchased from Ambion (Austin, TX) and were transfected using Lipofectamine RNAiMAX Life Technologies (Burlington, ON) following manufacturer's protocol.
Cell proliferation
INS832/13 cell proliferation was evaluated using BrdU cell proliferation ELISA kit from Roche (Laval, QC) according to manufacturer's protocol. In brief, INS832/13 cells were seeded in 96-well plates (8610 4 cells/well) and allowed to recover for 24 hr. Subsequently, cells were incubated at low (5 mM) or high (25 mM) glucose in the absence or presence of serum for 24 h. BrdU was added to the culture medium for 1 hr. Cells were then fixed, incubated with a peroxydase-conjugated anti-BrdU antibody and the immune complexes were quantified by measuring the absorbance at the respective wavelength using a scanning multi-well spectophotometer (Biorad, Hercules, CA).
Cyclic AMP determination
Measurements of intracellular cAMP levels were performed using the cAMP Biotrak system (GE Life Sciences, Baie d'Urfe, QC).
Insulin secretion assay
70% confluent INS832/13 cells were seeded in 24-well plates one day before use. On the day of the experiment, cells were washed and incubated for 30 min in 2.8 mM glucose KRBH buffer before incubation for 30 min at different glucose concentrations (2.8 mM and 16 mM) or 35 mM KCl to induce cell depolarization. At the end of the incubation, culture medium was collected, centrifuged to remove cells and assayed for insulin content by radioimmunoassay (Linco, St. Charles, MO). Results were normalized by mg of proteins.
Human GH secretion was determined as previously performed [24] . In brief, a plasmid encoding hGH is co-transfected with another plasmid of interest in a 1:3 ratio. hGH is known to colocalize with insulin and therefore its secretion matches that of insulin perfectly. With such a strategy, hormone release is measured exclusively in the transfected population of cells receiving the plasmid of interest and is not masked by secretion from the untransfected cells [24] . After 30 min of incubation as described above for insulin secretion, medium was collected for hGH ELISA and measured according to vendor protocol (Roche, Laval, QC).
Glucose metabolism
Glucose oxidation was evaluated as 14 CO 2 production from [U-
14 C]-glucose. Briefly, INS cells were grown to confluence into 25 cm 2 flasks and treated as described above under ''insulin secretion assay'' except that the incubation medium contained 25 mCi/ml of radio-labeled glucose tracer. Cellular metabolism was stopped by the addition of 1 ml of 40% perchloric acid after 30 min and 14 CO 2 was captured overnight by glass fiber filters previously soaked in 5% KOH.
Intracellular calcium
Intracellular Ca 2+ was measured in cells using Fura-2 (Life Technologies, Burlington, ON). Cells grown in 24-well plates were loaded with Fura-2, 30 min prior to treatment as described under ''insulin secretion assay''. Results are displayed as 340 nm/ 380 nm ratios after background (auto-fluorescence) subtraction.
Statistical analysis
Data are expressed as means 6SEM. Statistical analyses were performed using ANOVA or Student's t test. We used a P,0.05 to declare statistically significant differences.
Results
FoxO1 regulates Ccn3 expression in pancreatic b-cells
We previously determined the transcriptional profile of pancreatic bINS832/13-cells overexpressing a constitutively active form of FoxO1 (CAFoxO1) using cDNA microarrays [10] . Our genomic analysis identified a transcript encoding Ccn3 as one of the most significant genes whose expression was altered upon FoxO1 activation. We herein sought to identify and characterize Ccn3 as a novel FoxO1 target and explore its biological role in bcells.
Measurements of Ccn3 expression by quantitative real-time PCR (qPCR) revealed CAFoxO1 significantly increased Ccn3 mRNA levels compared to bGal after 24 h (Fig. 1A) . Acute inhibition (4h) of FoxO1 by 10% serum decreased Ccn3 mRNA levels by 40% compared to serum-deprived cells (Fig. 1B) . Conversely, activation of FoxO1 via treatment with the PI3-kinase inhibitor LY294002 [8] increased Ccn3 expression by 2-fold (Fig. 1B) . These observations are consistent with a role of FoxO1 in Ccn3 expression. We next sought to confirm our results in pancreatic islets isolated from WT or transgenic mice with FoxO1 gain-of-function. These mice, called ''305 mice'' and originally described in [6] , express a FoxO1 protein mutated to include a single amino acid substitution replacing the phosphorylation site Ser253 with a non-phosphorylatable amino acid. Our data show that Ccn3 expression was increased by approximately 3-fold in islets with constitutive FoxO1 activation (Fig. 1C) .
A systematic search of the promoter of rat, mouse and human Ccn3 orthologs revealed a putative conserved Forkhead response element (TATTGGC, defined in [25] ) located ,700 bp upstream of the transcription start site ( Fig. 2A , reverse-complement sequence on the main DNA strand is shown). Chromatin immunoprecipitation experiments indicated that endogenous FoxO1 binds to a region of the Ccn3 promoter encompassing this forkhead binding site, when activated following serum deprivation (Fig. 2B , two left-most bands). Endogenous FoxO1 could be displaced by the addition of serum, which is known to provoke FoxO1 nuclear exclusion [8] (two right-most bands), but not the constitutively active mutant, which bound DNA in the presence of serum (two middle bands). Consistently with our qPCR and ChIP assays, CAFoxO1 induced Ccn3 promoter activity in INS cells (Fig. 2C) . Ccn3 expression is restricted to pancreatic islets and ducts, and increased in insulin resistance
The precise tissue distribution of CCN3 in the pancreas has never been studied before. We therefore conducted immunohistochemistry on pancreas sections obtained from WT mice and genetic models of insulin resistance. Almost no detectable CCN3 expression could be observed in the pancreas of WT mice, indicating that CCN3 protein levels are low in control animals ( Fig  3A, top left) . However, CCN3 staining was increased in transgenic mice with CAFoxO1 overexpression (305 mice), consistent with the notion that Ccn3 is upregulated by FoxO1 (Fig. 3A, top right) . Although the increase in CCN3 staining could also reflect conformational changes that would render the epitope more accessible, we believe this is unlikely since we also detect the increase in Ccn3 at the mRNA levels in islets from 305 mice ( Fig  1C) . Interestingly, staining was found to be restricted to ducts and b-cells. We also observed increased CCN3 immunoreactivity in db/db and Irs2 2/2 mice, two genetic models of insulin resistance with b-cell failure. We next sought to confirm the tissue distribution of Ccn3 by PCR (Fig. 3B) . Ccn3 expression was undetectable in the exocrine tissue but present in the endocrine fraction of the pancreas. Amylase and insulin were used as controls.
CCN3 is secreted from INS832/13 cells
Because CCN3 is an extra-cellular matrix protein, we sought to determine whether b-cells secrete CCN3 proteins. We thus transduced INS832/13 cells with adenovirus encoding either GFP or CCN3 and measured CCN3 protein levels in the medium by western blot. We detected endogenous CCN3 secretion in the medium of INS cells transduced with control AdGFP and the amount of CCN3 immunoreactivity was greater in the medium of INS cells transduced with AdCCN3 (Fig. 4A) . This result suggests that b-cells endogenously express and secrete CCN3 proteins. Analysis of whole cell extracts by western blot revealed the presence of both full-length and cleaved products of CCN3 (Fig.  4B) . The top and bottom arrows indicate the full length (47 KDa) and cleaved form (35 KDa) of CCN3, respectively. Cleaved CCN3 species were previously identified in various cell cultures but their biological functions have not been fully identified yet [14, 21] . We next analyzed CCN3 sub-cellular localization by immunofluorescence in INS832/13 cells (Fig. 4C) . CCN3 colocalized with Vamp (Synaptobrevin), but not with insulin, indicating that CCN3 resides in a different subset of secretory granules than insulin. Accordingly, we failed to observe a regulation of CCN3 secretion by glucose (not shown) consistent with a constitutive CCN3 secretion via synaptic-like vesicles. In order to demonstrate the specificity of our anti-CCN3 antibodies, we have repeated our immunofluorescence staining in cells with siRNA-mediated Ccn3 knockdown. Figure 4D shows that no CCN3 staining could be detected in siCcn3-transfected cells, compared to cells that were either transfected with scrambled siRNAs (siCont) or untransfected cells.
CCN3 inhibits b-cell proliferation
To investigate whether the increase in CCN3 levels are causally linked to impaired b-cell function in the etiology of diabetes/ insulin resistance, we evaluated the effects of CCN3 on b INS832/ Eluted DNA was PCR-amplified using oligonucleotides flanking the indicated forkhead site in the rat Ccn3 promoter shown in (A). The figure shows duplicates for each condition. C) FoxO1 increased Ccn3 promoter activity. INS cells were transiently transfected with a plasmid containing a Ccn3 promoter-driven CAT construct concomitantly with either a plasmid encoding CAFoxO1 or control bGal. Lysates were prepared 24 h post-transfection for CAT assays. CAT activity was assigned an arbitrary value of 1 in bGal (control) samples. Results are means +/-SEM of 3 separate experiments. *, p,0.05. doi:10.1371/journal.pone.0064957.g002 Figure 3 . CCN3 is up-regulated in animal models of insulin resistance. A) We determined CCN3 protein levels in different genetic models of insulin resistance. We prepared paraffin sections from WT, CAFoxO1 transgenics (305), db/db, and Irs2 -/-mice and performed CCN3 immunostaining (at least n = 3 for each). Representative images are shown. B) Ccn3 expression in both the exocrine and the endocrine fraction was determined by PCR in 2 months old male animals. Amylase and insulin were used as specific exocrine and endocrine markers. Actin was used as a control in each sample. Representative images of 3 separate experiments are shown. doi:10.1371/journal.pone.0064957.g003
Nov/Ccn3 in Beta-Cells PLOS ONE | www.plosone.org13-cell proliferation. Treatment of cells with a physiological dose [26] of immunoaffinity-purified CCN3 proteins moderately but significantly reduced glucose-and serum-induced b-cell proliferation (Fig. 5A) , as previously reported for other cell types [14, 27] . The inhibition of b-cell proliferation by CCN3 was associated with a reduction in cAMP levels (Fig. 5B ) in INS832/13 cells. The effects of CCN3 on cAMP levels was confirmed in isolated rat islets (Fig. 5C) . In INS832/13 cells, this effect was dose-dependent with a maximal effect observed at 1 nM (Fig. 5D) . Conversely, silencing of Ccn3 using specific siRNA increased b-cell proliferation by 20% as compared to cells treated with scrambled siRNA (Fig. 5E-F) . Under our experimental conditions, Ccn3 mRNA levels were decreased by 70% in cells transduced with specific CCN3 siRNA as compared to scrambled control siRNAs (Fig. 5E) .
In order to gain insight into the mechanism by which CCN3 could stunt b-cell proliferation, we have examined its effect on the expression levels of 84 key genes involved in cell cycle regulation using a commercial PCR array (from Qiagen). Our results revealed that CCN3 treatment alters the expression of several genes implicated in cell cycle progression. Figure 6 shows the expression levels of a selection of genes, which are known to be relevant for b-cell proliferation, in control cells and CCN-3 treated cells. It can be observed that CCN3 decreased the expression of Ccnd2, the most abundant cyclin D gene in b-cells, by 20%. Ccnd3 was up-regulated by ,15% but its expression level was roughly half of that of Ccnd2. CCN3 also slightly but significantly decreased the expression levels of both B-type cyclins, Ccnb1 and Ccnb2. CCN3 treatment led to a 40% increase in Cdk2 expression but failed to affect Cdk4 expression, a Cdk protein that had been implicated in b-cell proliferation [28] . Importantly, CCN3 increased the expression of the cell cycle inhibitor p21 by 2-fold whereas p27 remained unchanged. Thus, the inhibitory effect of CCN3 on proliferation is consistent with its concerted actions on the expression of D-type as well as B-type cyclins, and p21.
CCN3 impairs b-cell insulin secretion
We next studied the effects of CCN3 on insulin secretion. We examined glucose-induced insulin secretion in cells overexpressing Ccn3 using the human growth hormone (hGH) cotransfection technique [24] . Because hGH secretion faithfully mirrors insulin secretion, cotransfection of Ccn3 and the human growth hormone gene allows for evaluation of insulin secretion exclusively in transfected cells. Ccn3 overexpression decreased glucose-induced hGH secretion (Fig. 7A) . Similarly, treatment of cells with exogenous CCN3 proteins blunted glucose-induced insulin secretion without significantly affecting KCl-induced secretion (Fig. 7B) . These observations suggests that CCN3 acts upstream of cell membrane depolarization and does not act through a non-specific effect on the exocytotic machinery. To confirm this hypothesis, we sought to examine the effects of CCN3 on intracellular calcium and glucose oxidation. Consistently, impairment of glucoseinduced insulin secretion by CCN3 was accompanied by inhibition of both glucose-stimulated rise in intracellular calcium (Fig. 7C ) and glucose oxidation (Fig. 7D) , without affecting insulin content (Fig. 7E) .
Discussion
FoxO1 is a prominent mediator of insulin/IGF signaling in pancreatic b-cells. FoxO1 controls a variety of cellular processes including cell proliferation, differentiation, metabolism and stress resistance [5] . We have previously performed a genomic analysis of FoxO1 targets in b-cells in order to investigate the mechanisms underlying b-cell adaptation to insulin resistance. In the present study, we identify for the first time Nephroblastoma overexpressed gene (Nov/Ccn3) as a novel transcriptional target of FoxO1 in b-cells. Promoter analysis and chromatin immunoprecipitation demonstrate that FoxO1 binds to an evolutionarily conserved element in the Ccn3 promoter to stimulate its expression. Accordingly, we show that expression of Ccn3 is increased in genetic mouse models of insulin resistance. Moreover, Ccn3 expression is increased in lymphocytes from patients with obesity. We also explored for the first time the role of CCN3 proteins in b-cell function. Our biochemical studies provide evidence that CCN3 decreases b-cell proliferation and stunts glucose oxidation, which translates into reduced glucose-induced insulin secretion. The role of CCN3 in bcell mass and function as well as in insulin resistance could be of great clinical importance. CCN3 is expressed in a selection of adult tissues, including prostate, testes, heart, brain, peripheral lymphocytes and pancreas [29] . However, the exact tissue distribution of CCN3 in the pancreas had never been investigated. Here, we show for the first time that in the adult mouse pancreas, CCN3 expression is restricted to ducts and b-cells. The previous detection of CCN3 in pancreatic ducts during embryonic development [30] raises the possibility that CCN3 could play a role in duct and/or islet cell differentiation. CCN3 has been previously shown to inhibit myoblast [31, 32] as well as osteoblast differentiation [33] . Also, CCN3 is essential for primitive hematopoietic progenitor cell activity [34] . Thus, there is a precedent for an effect of CCN3 in the control of cell differentiation.
The circulating levels of CCN3 were previously estimated to ,7 nM in adults with a significant increase with age [26] . Interestingly, ageing is a well-known risk factor for the development of insulin resistance. Whether circulating CCN3 levels are higher in diabetic and insulin resistant patients remains to be tested. A previous genomic study comparing the expression profile of islets from healthy donors to patients with type 2 diabetes reported a ,2-fold increase in Ccn3 mRNA levels in diabetes ( [35] and G.C. Weir, personal communication). To date, the origin of the circulating CCN3 proteins remains elusive. In this study, we show that b-cells produce the secreted (full-length) form of CCN3 and b INS cells endogenously secrete CCN3 proteins in the medium. These results raise the possibility that insulin resistant bcells could represent an important origin of circulating CCN3.
The fact that CCN3 is up-regulated in insulin resistance and secreted by pancreatic b-cells is consistent with a model in which circulating CCN3 would act locally as well as distally to mediate the adaptation to this metabolic stress. In b-cells CCN3 blunts proliferation and insulin secretion, presumably as a protective mechanism to prevent exhaustion [36, 37] . However, it is possible that prolonged inhibition of b-cell mass and function by CCN3 in the face of insulin resistance would lead to b-cell failure, thus linking insulin resistance to progressive deterioration of b-cell function. The metabolic effects of CCN3 in peripheral tissues have never been investigated. These important studies would be facilitated by the identification of a CCN3 receptor. However, the CCN3 receptor (if any) has yet to be identified [12] .
There is a growing interest into the potential roles of CCN family members in b-cell function [38] . Undoubtedly, CCN2/ CTGF constitutes the most widely studied CCN protein in b-cells in health and disease. Immunohistochemical analysis of CCN2 expression in mouse embryonic pancreata suggested a role in bcell development [39] . Indeed, in the mouse embryo, CCN2 is expressed in pancreatic ductal and vascular endothelium, as well as in developing insulin-positive cells. Importantly, CCN2 expression was found to coincide with islet morphogenesis and to terminate soon after birth. Moreover, CCN2 null embryos displayed reduced b-cell mass, which was attributed to decreased proliferation. Conversely, CCN2 overexpression in b-cells during embryogenesis, using a doxycycline-inducible system in which the rtTA was driven by the rat insulin promoter, increased islet mass at birth by promoting proliferation of developing b-cells [40] . Collectively, these studies along with those suggesting a role for CCN proteins in inflammatory responses [41] highlight their potential as therapeutic targets in diabetes.
In summary, our results identify Ccn3 as a novel transcriptional target of FoxO1 that could underlie the adaptive response to insulin resistance. Further studies with genetically-engineered mice with either loss-or gain-of-function mutations would be required to further explore the role of CCN3 in insulin resistance and b-cell function. Such studies might validate CCN3 as a pharmacological target in the treatment of diabetes. Certainly, our results warrant closer examination of the role of CCN3 in diabetes. We evaluated the effects of Ccn3 overexpression on insulin secretion by the hGH co-transfection system. In brief, we measured the hGH levels in the media of INS832/13 cells co-transduced with hGH and CCN3 or the empty plasmid and incubated at 2.8 mM (G2.8) or 16 mM glucose (G16). KCl (35 mM) was used as control. B) We studied the effects of CCN3 protein on insulin secretion. Insulin released in the culture medium was measured following incubation of INS832/13 cells in 2.8 mM or 16 mM glucose/KRBH medium or in the presence of 35 mM KCl. Secreted insulin levels were normalized to protein content. C) Measurements of intracellular calcium in living INS832/13 cells treated as described in (B) using the Fura-2 dye. We measured the ratio of fluorescence signals produced by excitation of 340 nm and 380 nm and detected at 510 nm to determine intracellular calcium concentrations. D) Glucose oxidation was measured as 14 CO 2 production from [U- 
